Introduction: Hepatocyte growth factor (HGF) and hepatocyte growth factor receptor (C-MET) genes have previously been reported to be associated with myopia in Asian family-based and case-control association studies, respectively. We examined whether these genes were associated with myopia in a Caucasian family dataset biased towards high myopia. Methods: Participating families had at least one offspring with high myopia (≤-5.00 diopters [D]). Genotyping was performed with tagging single nucleotide polymorphisms (SNPs) for each candidate gene using Taqman™ allelic discrimination assays. The data were analyzed with two family-based association methods, the pedigree disequilibrium test (PDT) and the association in the presence of linkage (APL) test. Analyses compared 1) high myopia (<-5.00 D), 2) mild to moderate myopia (-0.50 to -5.00 D), 3) any myopia (<-0.50 D) and 4) extreme high myopia (≤-10.00 D) versus emmetropia using refractive error as either sphere (SPH) or spherical equivalent (SE=sphere + [cylinder/2]). Bonferroni correction was applied to adjust for multiple testing leading to significance levels of 0.0125 for HGF and 0.008 for C-MET. Two and three-marker sliding window haplotype association tests using APL were also performed for HGF markers. Significance levels for haplotype association testing were set at 0.01 for the global tests, and 0.007 for the three marker haplotype specific tests and 0.0125 for the two marker haplotype specific tests. Results: A total of 146 multiplex families consisting of 649 Caucasian subjects were included. The HGF SNP, rs3735520 (APL p=0.002768 for SPH and 0.005609 for SE), and the haplotypes, rs2286194-rs3735520-rs17501108 (APL p=0.007403 for SPH and 0.062685 for SE) and rs12536657-rs2286194 (APL p=0.004219 for SPH and 0.00518 for SE), showed significant association with mild to moderate myopia versus emmetropia. A promising association between extreme high myopia and the HGF SNP, rs2286194, was also found (APL p=0.005763 for SPH and 0.004103 for SE). No evidence of association was found in the SNPs tested for C-MET. Conclusions: This study supports a strong association between the mild to moderate myopia group and the HGF SNP rs3735520 and the HGF haplotypes rs2286194-rs3735520-rs17501108 and rs12536657-rs2286194, and a moderate association of the extreme high myopia with rs2286194. C-MET polymorphism statistical associations with myopia in an Asian study were not replicated in our Caucasian cohort. HGF may be a potential myopia candidate gene for further investigation.
Myopia affects 33.1% of the American population greater than 12 years of age [1] , resulting in dependence on optical correction and/or treatment with refractive surgery. The estimated economic impact of correcting myopic adults in the United States is $3.8-7.2 billion annually [2] . In addition to financial burdens, studies have shown decreased quality of life associated with higher levels of myopia in patients wearing spectacle correction and/or contact lenses [3] . Patients with pathologic myopia also have increased risk of premature cataract, glaucoma, retinal detachment, and chorio-retinal degeneration [4] .
The mechanism underlying myopia is thought to be due to molecular changes in the sclera via a process known as "scleral remodeling" [4] . During this process, thinning and Correspondence to: Terri L. Young, M.D., Professor of Ophthalmology and Pediatrics, Duke University Center for Human Genetics, 595 La Salle Street, Durham, NC, 27710; Phone: (919) 684-0584; FAX: (919) 684-6096; email: terri.young@duke.edu altered architecture of the sclera leads to increased axial elongation [4] . Scleral remodeling results from alterations in the composition of collagen content, which is regulated by both matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinases (TIMP) [5] [6] [7] [8] [9] [10] . Hepatocyte growth factor (HGF) and its receptor, C-MET, modulate MMP and TIMP pathways and therefore may play an active role in scleral remodeling, axial elongation, and myopia development [11] [12] [13] .
The contribution of genetic factors to the development of myopia has been firmly established by previous studies and has been extensively summarized in review publications [14, 15] . HGF and C-MET are two myopia candidate genes studied in Asian populations ( [16] ; personal communication, Khor C.C., Agency for Science, Technology, and Research, Singapore; December, 2007). Han et al. [16] performed family-based association analysis of HGF polymorphisms (3 tagging SNPs) in a study cohort of 128 Han Chinese nuclear families with highly myopic siblings that found association between rs3735520 (HGF5b-b) and high myopia. However, Wang et al. [17] were not able to replicate this association in a recent case-control (288 cases and 208 controls) study using the same ethnic population. In unpublished data from Khor C.C., a case-control study found the C-MET SNP rs2073560 (MET+110703) was associated with moderate myopia in 650 Singaporean school children. The study genotyped and analyzed 12 C-MET SNPs.
To date, the role of HGF and C-MET in association with refractive error has not been investigated in Caucasians. Myopia is a complex, multi-factorial disorder. The fact that multiple genes and environmental factors influence myopia development necessitates determination of potential candidate gene involvement in independent and/or diverse datasets. Therefore, we ascertained and genotyped Caucasian family subjects biased towards high myopia and performed association analyses for polymorphisms and haplotypes of HGF and C-MET with multiple myopic refractive error phenotypes.
METHODS

Subject selection:
Approval was obtained from the Institutional Review Boards at both participating institutions, the Duke University Medical Center (Durham, NC) and the Children's Hospital of Philadelphia (Philadelphia, PA). Informed consent was acquired from all subjects prior to entering the study and the principles of the Declaration of Helsinki were followed. Families were eligible for inclusion in the study if they had one member with spherical refractive error of -5.00 D or more. All available family members were recruited. Patients with systemic conditions, syndromic disorders, or ophthalmologic conditions which could predispose to high myopia were excluded. Subjects underwent a complete ophthalmic examination including cycloplegic retinoscopy and/or autorefraction (Topcon RM-8800; Topcon Medical Systems Inc., Paramus, NJ). Marker selection and genotyping: For the candidate genes, HGF and C-MET, the SNPSelector® program [18] was used to choose tagging SNPs that met the criteria of a Pearson squared correlation (r 2 ) threshold of 0.76 in the linkage disequilibrium bins and a minor allele frequency (MAF) greater than 5% in the Caucasian population. The SNPs that Han et al. [16] and Khor C.C. (Personal communication) reported to have significant association with myopia were included. Sufficient tagging SNPs were selected to provide full gene coverage. The SNPs chosen for the candidate genes are shown in Figure 1 . [19] , genotypic PDT (genoPDT) [20] , and the association test in the presence of linkage (APL) were performed for each myopic phenotype state [21] . The number of affected and unaffected subjects for each classification is described in detail in Table 1 . Table 2 provides clinical information of the different myopic phenotypes.
Statistical significance for PDT, genotypic PDT and APL tests was defined as a p-value ≤0.05 with subsequent Bonferroni correction for multiple testing (=0.05/number of markers tested), 0.0125 for HGF and 0.008 for C-MET. Two and three-marker sliding window for haplotype association tests were performed using APL. For the global test statistic generated by haplotype association testing, a p-value of ≤0.01 (0.05/number of haplotype windows) was considered statistically significant. Statistical significance for individual haplotype association testing was defined as a p-value ≤0.007 for three loci (0.05/maximum number of haplotypes for each group of loci) and ≤0.0125 for two loci.
RESULTS
The HGF results are categorized by myopic refractive error definition in the following section. Table 3 summarizes the APL and PDT analyses for HGF SNPs. Table 4 depicts the APL and PDT analyses for the C-MET SNPs.
Mild to moderate myopia: On APL analysis, the risk allele T for the HGF SNP, rs3735520, was found to have a statistically significant association with mild to moderate myopia versus emmetropia (p=0.002768 for SPH and 0.005609 for SE). For this SNP, the p-values with PDT were not statistically significant (p=0.0874 for SPH and 0.1486 for SE). Two other HGF SNPs, rs12536657 and rs17501108, also yielded promising associations with APL testing (p=0.043 for both SPH and SE and p=0.032 for SPH and 0.051 for SE). The PDT for rs12536657 (p=0.0637 for SPH and 0.0776 for SE) and rs17501108 (p=0.2087 for SPH and 0.398 for SE) did not reveal any statistically significant associations.
High myopia: APL testing for the HGF SNP, rs2286194, yielded a p-value that did not meet a significant level (p=0.0396 for SPH and 0.0613 for SE) when comparing the high myopia with emmetropia groups. For this marker, the PDT p-values were not significant (p=0.8815 for SPH and 1 for SE). Sliding window APL analysis with the HGF markers also did not reveal any significant haplotype associations.
Extreme high myopia:
The HGF SNP, rs2286194, was found to have a statistically significant association with extreme high myopia when compared with emmetropia by APL testing (p=0.0058 for SPH and 0.0041 for SE). The risk allele for rs2286194 was A. The PDT p-values for this SNP were not significant (0.7963 for SPH and 0.7815 for SE). There was no association identified for rs3735520 by APL analysis (0.1734 for SPH and 0.03433 for SE) or PDT analysis (p=0.4795 for SPH and 0.2971 for SE). None of the other HGF SNPs were observed to have statistically significant association with extreme high myopia compared to emmetropia by APL or PDT analyses. Sliding window APL analysis with HGF markers did not demonstrate any significant haplotypes for this phenotype. The global test statistic for sliding window APL analysis based on two and three marker loci yielded two significant haplotypes: rs12536657-rs2286194 (p=0.0042 for SPH and 0.0055 for SE) and rs2286194-rs3735520-rs17501108 (p=0.0074 for SPH and 0.0627 for SE). Table 5 shows the two and three marker haplotype association results for mild to moderate myopia. Under the significant finding with global haplotype testing, the specific haplotype of G-A for rs12536657-rs2286194 (p=0.001499 for SPH and 0.001826 for SE) and A-C-G for rs2286194-rs3735520-rs17501108 (p=0.006571 for SPH) were determined ( Table 6 ). The haplotype G-A for rs1253667-rs2286194 showed the strongest association for mild to moderate myopia.
The global test statistic for sliding window APL analysis based on two and three marker loci found 3 significant haplotypes: rs12536657-rs2286194 (p= 0.009404 for SPH and 0.01519 for SE), rs3735520-rs17501108 (p=0.006182 for SPH and 0.00752 for SE), and rs2286194-rs3735520-rs17501108 (p=0.009198 for SPH and 0.005702 for SE). Similar to mild to moderate myopia, the haplotype G-A for rs12536657-rs2286194 showed the strongest association for any myopia (p=0.003291 for SPH and 0.004621 for SE). Table 7 summarizes the statistically significant findings for the mild and moderate and the any myopia groups.
DISCUSSION
The present study examined the associative involvement of the HGF and C-MET with mild to moderate, high, and extreme high myopia phenotypes using a large Caucasian familybased cohort biased toward high myopia. We did not find associations between myopia and C-MET polymorphisms, and hence, the gene does not appear to play a role in myopia pathogenesis in our dataset. HGF demonstrated the most promising findings with the following evidence to support its association: (1) the significant p-values met the family-wide significance level based on Bonferroni correction (minimum p=0.0028 at rs3735520); (2) the association signal was consistent between mild to moderate and any myopia; (3) regardless of phenotype definition, SNPs in HGF showed some indication of association, even though it was not always from the same markers; and (4) the results were similar with the different phenotype definitions, SE and SP. In addition to these significant analytical results, HGF is an excellent biological candidate gene for myopia as it potentially plays a role in the scleral remodeling process.
The mild to moderate myopia group showed a statistically significant association with the HGF SNP, rs3735520. On global testing, this SNP was included in the haplotype, rs22861947-rs3735520-rs17501108, which had a statistically significant association with mild to moderate myopia as well. The specific haplotype, A-C-G, demonstrated a significant association for this phenotype. These findings indicate that rs3735520 may be an important SNP in the development of mild to moderate myopia.
In addition, two other HGF SNPs, rs12536657 and rs17501108, had promising associations with this phenotype. By conducting haplotype analysis for all combinations of two and three loci, we found that the combination including rs12536657-rs2286194 revealed the most significant haplotype association. Although rs12536657 and rs2286194 only met a nominal significance (p≤0.05), they appeared to act together to generate a stronger association than the single markers alone. Therefore, in addition to rs3735520, the region surrounding rs12536657 and rs2286194 may harbor additional important variants for this phenotype.
The association of HGF with myopia was first described by Han et al., who defined high myopia with SE >-10.00 D. In their study, significant association was found between rs3735520 and high-grade myopia. However, we have identified a different SNP association, rs2286194, which is 45,490 base pairs upstream of rs3735520, for both high and extreme high myopia. In our study, rs3735520 had a "marginal" association with extreme high myopia, but not high myopia.
The discrepancy between the results of the two studies may have occurred because our study focused strictly on the Caucasian population, whereas Han et al. [16] performed his study in a Han Chinese population. In addition, the two studies used different grades of myopia as inclusion criteria. Our inclusion criteria was myopia ≤-5.00 D which resulted in a smaller extreme high myopia sample size, while Han et al. [16] targeted subjects with myopia ≤-10.00 D. Another possible consideration is that patients in our study were ascertained earlier in the process of developing myopia, and may proceed to higher grades of myopia with time. Since Han et al. [16] did not stratify their results by level of myopia as we did, we cannot verify the association evidence for rs3735520 in mild to moderate myopia. Due to significant differences in study design, it is not surprising that metaanalyses for rs3735520 and rs2286194 using Fisher's exact test were not significant (0.0627 and 0.0863, respectively).
It should be noted that the evidence of significant association presented here is from the APL analysis, and PDT did not reveal any significant results. While both PDT and APL are robust family-based association methods, it is known that PDT treats each discordant sibpair and parent-offspring Markers triad independently within a general pedigree, while APL considers identical by descent from pairs of siblings. Therefore, APL is generally more robust than PDT when multiple affected individuals per family are available. Since our ascertainment strategy was initially targeted on linkage study, the majority of families used in the present study have more than two affected individuals and 8% families have more than three generations, which is a more suitable study design for APL than PDT tests. This may be the reason that there was a discrepancy between the results from the two methods.
In conclusion, our study revealed an association between rs3735520 and 2 haplotypes and mild-moderate myopia in a predominately Caucasian population. We also detected an association between rs2286194 and extreme high myopia. We did not find any significant associations between C-MET polymorphisms and myopia. This represents the first analysis of HGF and C-MET polymorphisms and myopia in a nonAsian cohort. Our study suggests that the HGF associations with myopia may be present in the Caucasian population, but that genotype-phenotype relationships may differ between various ethnic datasets in the complex disorder of myopia. Further genetic studies in Caucasians are needed to confirm our findings. 
